The coffee industry constitutes an important part of the global economy. Developing countries produce over 90% of world coffee production, generating incomes for around 25 million smallholder farmers. The scale of this industry poses a challenge with the generation of residues along with the coffee cultivation and processing chain. Coffee stems, obtained after pruning of coffee trees, are one of those abundant and untapped resources in the coffee supply chain. Their high lignocellulosic content, the low calorific value ranging between 17.5 and 18 MJ kg −1 and the low ash content make them a suitable solid fuel for thermochemical conversion, such as gasification. This research evaluates the feasibility of using these residues in small-scale downdraft gasifiers coupled to internal combustion engines for power and low-grade heat generation, using process modelling and the Colombian coffee sector as a case study. The producer gas properties (5.6 MJ Nm −3 ) and the gasifier's performance characteristics suggest that this gas could be utilized for power generation. A cogeneration system efficiency of 45.6% could be attainable when the system's low-grade heat is recovered for external applications, like in the coffee drying stage. An analysis of the energy demand and coffee stems availability within the Colombian coffee sector shows that the biomass production level in medium-to large-scale coffee farms is well matched to their energy demands, offering particularly attractive opportunities to deploy this bioenergy system. This work assesses the feasibility of providing coffee stem-sourced low-carbon energy for global coffee production at relevant operating scales in rural areas.
Introduction

International context of coffee production
Coffee is an important global commodity, with a market that has shown significant resilience in a world with a changing agricultural economy, where coffee production has grown 3.5% per year since 2008, faster than 2.5% overall growth in agriculture [1] . The majority of coffee consumption occurs in industrialized countries, yet over 90% of world coffee production takes place in low-and middle-income countries [2, 3] and around 120 million people depend on coffee farming and Paul Gilbert and Patricia Thornley this work was done while having affiliation to the University of Manchester.
trading for their livelihood [4] . As developing countries, many of them face energy access problems, with a significant part of their population lacking access to electricity and clean cooking [5, 6] . Table 1 collates data from the top 10 coffee producer countries, indicating also the population without access to electricity and clean cooking.
The coffee industry generates vast amounts of by-products and residues along the cultivation, harvesting and processing chain [7] , posing health, environmental and economic issues. Hence, the projected rise of coffee production for the coming years calls for a more sustainable approach in the utilization of the coffee supply chain by-products [2] . The use of these residues could be further improved in more efficient applications , considering their physical and chemical characteristics. They could be upgraded into substrates for bioprocesses [2, 7] or used as fuels for energy conversion to feedback into the coffee agro-industry and rural communities [8] . These potential opportunities would add value to the coffee industry by improving the sustainability of the sector in terms of waste management, energy self-generation and additional revenue for the coffee farmers.
Currently, from the range of residues in the coffee processing chain, the coffee husks and coffee pulps have both applications as silage, due to their high concentration of potassium and other mineral nutrients, and for composting and vermicomposting [2, 9] . For bioenergy generation, coffee husks have been utilized as a solid fuel for heat generation. Coffee pulps, a more abundant resource with higher moisture content, have had more applicability in biogas and bioethanol production [9] . On the other hand, the coffee grounds, obtained from the coffee brewing process, have potential applications in composting, like dietary fibre, and substrate for mushroom cultivation. On the energy side, they are used as a solid fuel in boilers of coffee brewing factories and have a high-energy potential as a feedstock for biogas, bioethanol and biodiesel production [10] . These applications consume only a fraction of the resources available [2] . Another portion is burned in cookstoves, in open fields or disposed on land until decomposition, deriving in health and environmental problems [11] , still remaining untapped or inefficiently used [2, 8, [10] [11] [12] [13] [14] [15] .
The coffee stems, another residue produced during coffee trees pruning, also represent a significant resource in the coffee supply chain [12, 16] , yet they have received little research attention, compared with other residues, such as the coffee husks, pulp and grounds. Coffee stems feature more advantageous properties for thermochemical conversion processes, having more lignocellulosic material, lower ash content and higher LHV (see Table 2 ), compared with other coffee residues (e.g. coffee husks and grounds) [7] .
Therefore, this paper explores the resource potential and bioenergy conversion feasibility of coffee stems into energy vectors that could potentially tackle energy access problems in many rural areas of these countries and/or supply low-carbon energy to the coffee agro-industry. It could also reduce the impact of the carbon footprint of the production of this internationally traded commodity. This work expands existing knowledge by assessing the viability of providing bioenergy for global coffee production at relevant operating scales in coffee farms. The work explores case studies in Colombia, the third-largest coffee producer country, and considers the technical viability of implementation and associated impacts.
The context of renewable energies in Colombia
Colombia has large potential for power generation from different renewable sources, hydro (93 GW), wind (25 GW), [17, 18] . Most of this potential has been developed into hydropower large-scale plants, accounting now for 65.8% of total power generation [19] , yet less than 1% of the country's installed generation capacity comes from other renewable sources, such as wind, biomass and solar [19] . A conservative estimate of the theoretical energy potential from biomass resource in Colombia is 744 PJ per year, with the largest contribution coming from agricultural residues (53%) and the second from animal waste (24%) [20] . A more decentralized and source-diverse power generation infrastructure could enhance energy access in off-grid areas and help reduce power losses [21] . An example of this is the successful deployment of microgrids in remote rural areas, demonstrating a feasible solution for distributed generation schemes [22] . Additionally, recent policies, like the Law 1715 of 2014, that regulates the integration of renewable energies in the country [23] , as well as the ongoing penetration of clean energy technologies, at lower costs [24] , are setting the conditions to increase and diversify renewable energy sources in the national energy mix.
However, the integration of renewable technologies in Colombia still faces certain obstacle, such as: insufficient government incentives and a lack of awareness of the real resource potential for renewables [24] and of the feasibility for technologies deployment. Particularly, for power generation and combined heat and power generation (CHP), there is a deficiency of effective regulatory frameworks and pricing schemes, where the barrier is even larger for distributed generation and small-scale applications [25].
Coffee residues utilization for bioenergy in Colombia
Colombia is a typical coffee producer country with almost 70% of coffee cultivation taking place in small coffee plantations (< 5 ha), which are family owned and rely on coffee trading for their livelihood [26] . Coffee stems in Colombia represent a significant amount of biomass, reporting approximately 2,849,000 t by 2010. This corresponds to a theoretical energy potential of 38,561 TJ/year [27] that would equate approximately 17% of the total power generation in Colombia by 2016 [19] . The stems are collected after coffee-tree prunings and, like other agricultural residues, are often burned inefficiently as fuel in traditional cookstoves or in open fields of rural areas [10] .
The untapped energy potential of coffee crop residues in Colombia has been the focus of recent research, such as that by Garcia et al. [16] , Garcia et al. [28] and Oliveros-Tascón et al. [29] . Certain aspects, however, have not been fully considered, such as the potential to integrate the recovered waste heat into the coffee processing chain and the analysis of the energy demand and residual biomass availability within coffee farms in Colombia. This paper addresses these aspects by carrying out a comprehensive modelling of the whole system (i.e. including the biomass pre-treatment and gas conditioning), which enables the identification of process heat integration opportunities. Additionally, this study analyzes the energy demand and biomass supply relationship of the coffee sector, to identify at which scale these systems could be potentially deployed.
This paper contributes to the resource awareness by linking the locally available resource potential of coffee stems to the existing local energy demand of the coffee sector. It also enhances the understanding of how biomass residues could be practically converted to generate sustainable power and heat vectors in coffee farms through small-scale gasification systems coupled with internal combustion engines (ICE). This is achieved by an evaluation of the coffee stem-based product gas composition and low heating value (LHV) to determine its feasibility as a gas fuel for ICE and/or CHPs, using a process modelling approach. This is followed by an assessment of the overall performance of the system by estimating the net power output, the maximum recoverable low-grade heat and the overall cogeneration system's efficiency. Finally, an analysis is conducted on the match between the biomass resource availability and the energy demand of the coffee sector.
Materials and methods
Technology selection and modelling approach
Gasification is an emerging, but promising technology that can provide greater efficiencies and improved economics, particularly at small-scale applications; as well as lower emissions, compared with other thermochemical conversion processes, like combustion [30, 31] . Particularly, studies on coffee stem conversions for bioenergy suggest that the gasification route has lower energy requirements and performs better for different potential environmental impacts [16] . This study applies a thermodynamic equilibrium model using the process modelling software, Aspen Plus V10. This model approach can provide an initial good estimation of the gas composition and yields, identify operating limits and allow the evaluation of the relationship between biomass characteristics and process parameters [32] .
The following conditions and assumptions are considered for the process modelling: (i) the thermodynamic equilibrium model is based on the minimization of the Gibbs free energy approach to predict the gas composition and yield; (ii) the gasification process is modelled assuming that after a long residences time, the system reaches a steady state and reactants establish a chemical equilibrium [33] , (iii) the gasifier is modelled as operating at atmospheric pressure; (iv) biomass particles have a uniform size after chipping; (v) tars are assumed as non-equilibrium products, hence tar formation is not modelled due to the limitations of the thermodynamic equilibrium approach; (vi) the biomass devolatilization phase (pyrolysis) occurs instantaneously and the main volatile gases produced are H 2 , CO, CO 2 , CH 4 and H 2 O treated as ideal gases; (vii) ash in biomass is assumed to be inert, i.e. it does not participate in the chemical reactions. These assumptions are consistent with other gasification modelling works, such as in [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
Biomass characteristics
The proximate and elemental compositions of the coffee stems are taken from the work of Garcia et al. [16] and are presented in Table 2 . Also from the same source, the particle size of the coffee stems, after chipping, is specified to 2 cm.
Downdraft gasifier
The downdraft gasifier design is chosen for this study as it has featured as a simple design with well-proven performance and relatively low investment costs for small-scale applications [44] . In addition, because of their internal configuration, downdraft gasifiers generate a producer gas with low tar content and heating value suitable for use as fuel in ICEs for power generation [45, 46] . Table 3 presents the gasifier design parameters and average operating conditions, used for Aspen plus simulations. The expected thermal power output of the gasifier (100 kW th ) is set from examining the average electricity demand of a coffee farm and biomass availability. The biomass feed rate is determined from assuming a downdraft gasifier's efficiency of 75% that falls within the range for this type of gasifiers [34, 47] .
Aspen modelling and simulation procedure
A small-scale 100-kW th downdraft gasification plant, including the upstream biomass chipping and downstream gas cleanup stages, is simulated using Aspen Plus V10 software to predict the product gas composition, yield and gasification temperature. Validation of the simulation results for the product gas composition and heating value is made against the experimental results of Garcia et al. [16] and Oliveros-Tascón et al. [29] . Figure 1 shows the Aspen gasification process flow diagram. The model represents two core stages: the biomass preparation stage (i.e. chipping) and the gasification stage. The gas cleanup and cooling stages, together with the producer gas combustion for power generation are presented later in this section.
The biomass preparation stage starts with the coffee stem drying through sun-air-drying exposure during 1 month to reduce the moisture contents from 63-70 to 10-20% wt., as reported by [29] . This natural drying of the biomass could be possible due to the poor hygroscopic characteristics of the coffee stems and the weather conditions in the Colombian coffee regions, as indicated in [48] . Next, the coffee stems are cut in a wood chipper (approximate throughput of 0.75 ton h −1 ) to achieve an average uniform chip size of 2 cm, following specifications presented by [29] .
The gasification stage itself comprises three steps representing the main phases inside a real downdraft gasifier operation. Figure 2 schematises the simulation procedure followed by Aspen Plus for these stages.
In the first step (biomass drying), the biomass moisture content is reduced up to the level required for downdraft gasifiers (< 10% MC) [46] using stoichiometric-based reactor (RSTOIC), assuming that previously the coffee stems have been exposed to sun drying to reduce its moisture content from 25 to 10-15% wt. [29] . During the devolatilization step, the dry biomass breaks down into its constituent elements (C, H, O, N and S) in the absence of air, with a reactor based on specific yields (RYIELD). The last step, the partial combustion and gasification zone, is modelled using a Gibbs reactor block (RGIBBS), which follows the Gibbs free energy minimization approach. At this stage, air acting as the gasifying agent enters the reactor with the flow rate determined by the equivalence ratio specified in Table 3 . A cyclone unit block 
Model validation with experimental data
The gasification model is validated by comparing the predicted values of the gas composition, yield and LHV against the experimental data reported by Garcia et al. [16] . A second dataset reported by Oliveros-Tascón et al. [29] , from Cenicafe (Colombian Coffee Research Centre) is used also for the validation. For each case, the Aspen Plus gasification model reproduced a minimum of input conditions of the original experiments, such as the biomass ultimate and proximate composition, biomass feed rate and equivalence ratio. This experimental dataset was used to validate the model as it reports biomass properties of coffee stem indigenous from Colombia and the composition of the producer gas resulting from coffee stem gasification in downdraft gasifiers. This fits well with the Colombian study case and the smallscale bioenergy application of this research.
Sensitivity analysis
A sensitivity analysis is carried out in Aspen Plus to study the effect of governing gasification parameters on the producer gas composition and the gas heating value. The parameters are the biomass moisture content (MC), the equivalence ratio (ER) and the air preheating temperature. The MC is one of the most challenging biomass properties in the performance of thermochemical processes. For this study, MC values are set between 10 and 60% wt., typical of woody biomass compositions [49] . The ER also affects greatly the gasifier performance, determining the gasification temperature and having a great influence on the final gas composition and heating value. The ER is varied within realistic gasification conditions, between 0.1 and 0.5. Lastly, the purpose of evaluating the temperature of the gasifying air is to analyze the positive effect that the air preheating can have on the gasification conversion efficiency by increasing the concentration of the combustible gases (CO and H 2 ), therefore increasing the gas HV [42] . The air preheating temperatures range between 25 and 500°C. The presence of tar in the syngas is a significant problem of operability for many gasifiers. Therefore, certain measures are proposed to minimize potential fouling of downstream equipment due to tar concentration:
1. Selection of a downdraft gasifier. This technology produces a gas with low tar concentration (0.015-0.5 g Nm −3 ) suitable to operate coupled to internal combustion engines [45, 46] . 2. Selection and preliminary design of the cold gas cleanup system to reduce the remaining tar and particle concentration in the producer gas. This configuration has proven to be reliable and highly efficient for small-scale fixed bed gasifiers [50, 51] . 3. The preheating of the gasifying air to increase the temperature in the gasifier enhances the effectiveness of tar cracking, in addition to increasing the LHVof the producer gas [52] .
Assumption of a relatively low capacity factor (30-35%)
for small-scale bioenergy application, allowing for manual cleaning and removal of tar deposits (if required) during shutdowns of the gasifier.
Gas cleanup system description
The selection of the producer gas cleaning system depends on the level and type of contaminants in the producer gas, as well as in the end-use application [50, 51, 53] . For ICE applications, it is important that the producer gas meets the fuel quality requirements of particulates concentration (< 0.05 g Nm −3 ) and tar content (< 0.100 g Nm −3 ), to avoid severe engine operational problems [50] . The cold gas cleanup configuration, suitable for gas temperatures below 400°C [51] , was adopted for this study. This selection was made considering the small-scale application of the system and the characteristics of a producer gas generated in a downdraft gasifier: temperature of~400°C (after the gas cooling stage) and an expected low tar content concentration (0.015-0.5 g Nm −3 ) [54, 55] . Cold gas cleanup systems have proven to be reliable and highly efficient for gasification systems, at the expense of thermal penalties from cooling the producer gas and increasing operation costs from an effluent treatment plant [51] .
Cold gas cleanup preliminary design
The cold gas cleanup configuration proposed in this work comprises a cyclone, venturi scrubber and a set of fabric filters. The producer gas exiting the gasifier at temperature 651°C enters the cyclone separator to remove particulates of d > 10 μm size with a removal efficiency of 85-95% [50, 56] . The entrance diameter of the cyclone is calculated using the gas volumetric flow and an optimum gas inlet velocity of 15 m s −1 . The other dimensions of the cyclone are determined as a function of this diameter, following the dimensions of Stairmand high-efficiency cyclones [56] .
After passing through the cooling stage, the producer gas enters the venturi scrubber where water is supplied into the venturi throat to capture smaller particulates (d > 0.5 μm) and tars. At this stage, the gas temperature is reduced to 40.4°C. The water flow required as input into the scrubber is calculated using the gas volumetric flow and the optimum liquid-togas ratio (1 m 3 per 1000 m 3 ) for venturi scrubbers. The liquid effluent is treated in a water treatment plant which is also commonly required in a coffee processing plant. Lastly, the producer gas enters a demister to remove the condensed water and then passes through a fabric bag filter that complements the gas cleaning by removing particulates of (d > 0.2 μm) and tar, before it enters the engine. Table 4 collates the main design factors and process parameters of the cold gas cleanup system of the gasification plant. More details on the methods for sizing the gas cleaning components are found in Perry et al. [57] and Sinnot [56] .
Cooling stages of the producer gas and flue gas
Gas cooling stages are used to reduce the temperature of the producer gas and flue gas in order to meet process requirements. The low-grade heat recovered from these stages can potentially supply the internal and/or external heat energy demands. Particularly, for biomass small-scale applications, where the electrical efficiencies are low, a maximization of on-site heat utilization is essential to achieve higher energy efficiency and economic profitability [58] .
In this gasification-ICE system, as Fig. 3 illustrates, the cooling stages consist of, first, two consecutive gas-air heat exchangers to cool down the producer gas, and a second heat exchanger unit to reduce the temperature of the flue gas, after the combustion of the clean producer gas in the ICE. The first cooling stage reduces the temperature of the producer gas to meet temperature specifications of the gas cleanup equipment and gas engine. The first heat exchanger (PGAS-HX1) cools down the producer gas from 792 to 699°C and this sensible heat is used to preheat the gasifying air up to 250°C. The second heat exchanger (PGAS-HX2) continues decreasing the producer gas temperature to 120°C. The recovered heat duty is used to heat up an airstream with a potential application in the coffee bean drying stage. The airflow rate is set to 31 m 3 min -1 to obtain an air temperature between 48 and 50°C, following optimum operating parameters in stationary coffee air-dryers [59] . Considering similar applications of gas cooling systems in small-scale gasification plants, the shell-tube heat exchanger configuration using stainless steel tubes could be suitable in this case.
The second stage water cools the flue gas from the producer gas combustion with a concentric tubes heat exchanger (FGAS-HX) to a temperature of 120°C, in order to meet environmental regulations regarding airborne emissions [60] and prevent corrosive effects from condensation in the exhaust piping. The hot water is used in a second concentric tubes heat exchanger (AIR-HX) to heat up an airstream for the coffee drying process, following the parameters described above. A suitable material for these heat exchangers is steel, considering the water temperatures could be maintained below the boiling point.
Both heat exchanging stages are simulated with Aspen Plus to estimate the maximum recoverable heat duty for each cooling stage. This heat exchanger configuration for downdraft gasifiers plants is supported on the work of Raman et al. [52] . 62] . Spark ignition engines currently designed to work with petrol or diesel require adaptations in the injection systems to be fuelled with producer gas [62, 63] ; however, these do not affect performance at the level being assessed in this work.
Internal combustion engine specifications and producer gas combustion modelling
For this study, a four-cylinder sparked fired engine with a continuous power rating of 25 kW e is selected for the electricity generation, using the specifications of a commercial engine-generator unit that functions coupled to a biomass downdraft gasifier [64] . The combustion phase of the engine is simulated through Aspen Plus, following a Gibbs minimization approach, to calculate the flue gas composition and temperature when the system reaches chemical and phase equilibrium. The outlet temperature of the exhaust gases sets the maximum thermal energy recovery from the flue gases. The mechanical system of the engine was not modelled, instead, an electrical efficiency of 30% is assumed to calculate the gross electrical power output of the system. An additional 20% of power derating is considered since fuelling the engine with the producer gas causes a lower net calorific value of the fuel mixture [65] . 
Gasification and overall system performance
The technical performance of the gasification system is measured using the parameters, cold gas efficiency and hot gas efficiency; the whole system performance, comprising power generation and heat recovery, is measured using the cogeneration system efficiency. Table 5 describes these parameters.
3 Results and discussions 3.1 Performance of the coffee stem gasification model Table 6 collates an overview of the most representative performance parameters of the gasifier-ICE system. The results show that the 100-kW th downdraft gasifier coupled to an ICE and fed with 27.2 kg h −1 of coffee stems produces a fuel gas that meets the minimun standards of LHV (4 MJ Nm -3 ) for ICE applications. The utilisation of the producer gas in the ICE could generate 20.4 kW el of net electricity and 40.4 kW th of thermal power output from the heat recovery stages.
The gasification performance parameters, cold gas efficiency (CGE) and hot gas efficiency (HGE) show a good conversion efficiency of the gasifier when using coffee stems as feedstock, both ranging within the characteristic numbers for downdraft gasifiers, CGE 30-60% [54] and HGE 85-90% [46] . Table 7 presents the validation of the Aspen simulation results with the experimental data on the producer gas composition, LHV and gas yield reported by Garcia et al. [16] referred to it as "Exp data 1" and the second dataset of experimental results by Oliveros-Tascón et al. [29] referred to it as "Exp data 2".
Model validation with experimental results
The simulation results show good agreement with the set of experimental data for the mole fractions of H 2 , CO, CO 2 , and N 2 gas species, the producer gas yield and the gas LHV. Nonetheless, the methane (CH 4 ) mole fraction is underpredicted by the simulation resulting in a high percentage error, for both cases. On this issue, the methane composition is usually under-predicted when a gasification system is modelled following a thermodynamic equilibrium approach. As theory specifies, the methanation reaction, described by the equation (C + 2H 2 ↔ CH 4 ), tends to deviate from chemical equilibrium at high temperatures (above 800°C) [67] , as is the case of for gasification.
On balance, since the H 2 and CO composition are the main combustible components in the producer and are slightly overpredicted in the simulations, the low heating value is not deleteriously affected by the lower CH 4 concentration. As a result, the producer gas LHV derives into an average percentage error of 13%, acceptable for the purposes of this modelling work.
Sensitivity analysis
The effect of key gasification parameters on the gas temperature and composition, and consequently, on the gas low heating value and cold gas efficiency (CGE) of the gasifier is evaluated in this section. These results inform on the feasibility of practical implementation where feedstock properties may vary and operating parameters could be controlled to improve the gasifier performance. Figure 4 illustrates the effect of the coffee stem moisture content (MC) on the gas composition and gasification where T f is the gas temperature at the gasifier exit, T 0 is the temperature of the fuel entering the gasifier and C p is the heat capacity of the product gas
Effect of biomass moisture content
Cogeneration system efficiency
Measures the ratio between the sum of the net electric power output (E el ) and useful thermal power output (E th ) over the biomass energy input (E bm ) [63] η cogen ¼ EelþEth Ebm , where E bm = m bm . LHV bm temperature profile. The H 2 O concentration in producer gas increases steadily over the biomass moisture content range. The excess of H 2 O demands more energy to evaporate the moisture in the biomass, plunging the gasification temperature. A decline in the temperature favours the inverse direction of the endothermic water-gas reaction and the forward direction of the exothermic CO shift reaction. This results in a sharp drop in the CO concentration and a gradual decrease in H 2 concentration for MC values above 25%. On the contrary, the CO 2 mole fraction increases slowly up to an MC of 35%, after it starts to stabilize. The methane concentration is very low and slowly decreases with higher moisture contents. Figure 5 presents the overall effect of the moisture content on the gas LHVand CGE. The decreasing concentration of H 2 and CO and rising mole fraction of H 2 O in the producer gas lower the gas LHV, which consequently, affect the gasifier performance, measured by the CGE of the gasifier. This confirms the importance of controlling the moisture content of the biomass, which for downdraft gasifiers should not exceed 25% wt. [46, 55] , keeping MC ranges between 10 and 20% wt. for better performance [32] .
Effect of the equivalence ratio
In authothermal gasifiers, as the one modelled in this work, the gasification temperature can be controlled with the amount of air supplied to the gasifier. Figure 6 illustrates this relation, as the ER increases, the gasification temperature rises favouring the products of the endothermic water-gas reaction (C + H 2 O ↔ CO + H 2 ). The mole fractions of CO and H 2 rise as ER increases, both reaching peak values at ER = 0.25. At this equivalence ratio, downdraft gasifiers are expected to give the best gas yield [46] , as shows the trend of the CO and H 2 mole fractions.
In contrast, the CO 2 and H 2 O mole fractions drop between ER values of 0.25 and 0.35, respectively, after which they start increasing gradually. As more O 2 is available in the gasifier and the carbon in the biomass has been consumed, the CO and H 2 start reacting with the oxygen, producing the combustion products CO 2 and H 2 O. The CH 4 mole fraction decreases until almost zero, due to methanation reaction tending towards more reactants than products when the temperature rises.
The concentration of the producer gas combustible components CO and H 2 determine the gas low heating value, and consequently, the cold gas efficiency of the gasification system. Figure 7 shows that as ER increases from 0.1 to 0.25, the gas LHV goes up gradually, reaches a peak when the CO and H 2 mole fractions are in their maximum values and then falls rapidly as the concentrations of CO and H 2 drop. Consequently, the cold gas efficiency (CGE) follows a similar trend, where the highest CGE yields at an ER value of 0.25.
Effect of air preheating
Air entering the gasifier as the gasifying agent at temperatures higher than ambient temperatures (> 25°C) can improve the gasification conversion efficiency. Figures 8 and 9 show how as the air temperature increases the H 2 and CO mole fractions [69] and Altafini et al. [70] . The results of the sensitivity analysis also support the predictive capability and robustness of the model to variations in the producer gas composition.
Heat recovery pathways
The main characteristics of the two heat recycling systems, from the producer gas and flue gas cooling stages, of the coffee stem gasification-ICE systems are presented in Table 8 . A higher thermal energy stream is attainable when cooling down the flue gases in the second heat recovery stage, due to a higher mass flow rate of the flue gases. For the baseline setting (20 kW e of net power output), the total maximum heat duty that could be recovered from the gas cooling stages is 40.4 kW th . This results in a thermal power output efficiency of 30.3% for the whole system, with reference to the biomass energy input. The heat duty recovered from PGAS-HX1 (2.69 kW) could be utilized to heat the gasifying air up to 250°C, resulting in an increase in the LHV of the producer gas from to 4.7 to 5.3 MJ kg −1 ; another potential application is when the biomass requires external mechanical pre-drying before entering the gasifier. The heat recovered, in the form of a hot air stream from the PGAS-HX2, and AIR-HX could be used to supply totally or partially the process heat demand of the coffee mechanical drying.
Coffee drying is a key step in the grain processing, hence the importance of maintaining a uniform drying process to achieve a standard grain moisture content (10-12% wt.) [59] . The optimum air temperature (48-52°C) and airflow rate (66 m 3 min −1 per ton of coffee for static layers dryers) conditions, as established by Cenicafe in [59] , are in theory achieved by combining both recovered heat duties.
Energy balance
The energy flows of the overall system are presented in Fig. 10 , as a Sankey diagram to schematize the transformation Fig. 4 Effect of biomass moisture content on the producer gas composition and gasification temperature Fig. 5 Effect of biomass moisture content on the producer gas LHV (dry basis) and CGE of the biomass energy input into useful energy outputs (power and low-grade heat), as well as to take into account the energy losses of the system. In the first stage, the intrinsic chemical energy of the biomass is transformed through gasification into the energy carried by the clean producer gas, with a 71% overall efficiency. A fraction of the raw producer gas thermal energy (13.7%), in the form of sensible heat, is recovered as low-grade heat in the gas cooling stage. The energy losses in the gasifier and gas cleanup stage account for almost 15% of the biomass energy input.
In the second stage, the producer gas energy is converted into electrical power through the ICE generator set with an electrical efficiency of 24%, where a fraction (10%) of the gross electrical output is used to supply the internal plant's power demand resulting in a net power output of 20 kW e . In addition, part of the sensible heat from the hot flue gases is recovered through a loop of heat exchangers. The heat energy losses coming from the power train section, ICE and the flue gas stream correspond to 52.6% of the producer gas energy input.
Overall, the cogeneration system efficiency, results in 45.6%, agreeing with numbers reported in similar works about the gasification of agricultural residues in gasifiers-CHP systems [63, 71, 72] . The maximum low-grade heat recovered from both cooling systems could be used to supply the internal heat requirements of the system and/or external heat demands of the coffee drying process.
Furthermore, considering the significant thermal energy that the producer gas carries within, this gas could also be applied for direct utilization in boilers for on-site heat production. Even though this energy pathway is not studied here, it is pertinent to highlight the versatility of the producer gas as a fuel for small-scale bioenergy applications in rural areas.
Biomass availability and energy demand of the Colombian coffee sector
The electricity generated from this bioenergy system can be used to meet the electrical power demand of coffee farms or community coffee processing plants in rural areas. In addition, the low-grade heat recovered from the gas cooling phases can supply partially the process heat required for the coffee mechanical drying. Yet, for this to start materializing, the match Fig. 6 Effect of equivalence ratio on the producer gas composition and gasification temperature Fig. 7 Effect of equivalence ratio on the producer gas LHV (dry basis) and CGE between the biomass resource availability and the farm's energy demand has to be considered.
During the coffee harvesting periods in Colombia, occurring twice a year, the operation of the 100 kW th gasifier ICE for 336 h per month could result in a net electricity generation of 6720 kWh per month and a maximum net thermal power output of 12,400 kWh per month, 1 requiring approximately 9 tons per month of coffee wood chips as fuel input to run. This net power output could meet the electricity monthly demand of two large-scale coffee farms (cultivated areas ≥ 10 ha) in Colombia, with similar coffee production and average electricity consumption of 2700 kWh per month per farm [73] . This demand includes the power requirements of the farm household appliances and the coffee processing plant.
Medium (areas between 5 and 10 ha) to large (areas > 10 ha) scale farms with coffee processing plants that generally require mechanical drying [59] could benefit from part of the recovered heat of the system by transforming it in a hot air stream (50°C) to dry up to 11 tons per month of washed coffee beans, assuming a thermal efficiency of 52% for a common coffee mechanical dryer [74] . As a result, this could provide 5 tons of green coffee per month ready for market trading.
Alternatively, this power and heat generation could also supply the power demand of a large community-based coffee processing plant, requiring on average 25 kW of power capacity for the processing equipment.
The operation of this unit requires approximately 9 tons of coffee stems per month, consistent with 75% of the combined biomass average production of two medium-scale (areas between 5 and 10 ha) coffee farms. At this scale, each farm could produce a minimum of 25 tons per year of dry parchment coffee that yields, in theory, 72 tons per year of coffee stems, following the equivalence reported by Rodriguez [10] of 0.6 kg of stems per 1 kg of coffee cherries. This amount of biomass, although is well above the system's resource demand, is also constrained by each farms management systems and their coffee plantations age (generally requiring pruning after 5 to 6 years of cultivation [75] ). This implies that storing facilities in the farms would be likely necessary to facilitate sustained feedstock availability and protect the coffee wood from rain and prevent decomposition. Direct application to smallscale farms (~1-5 ha of cultivated land) would be less viable as it would require the integration of several small farms to guarantee a regular biomass feedstock supply. Instead, small-farm holders could beneficiate of the bioenergy supply to community-based coffee processing plants, as they usually organized themselves in cooperatives for the coffee processing and trade.
An initial country-level estimation of the total coffee stem potential of 3,000,000-ton dry coffee wood [29] indicates that sustainable utilization of the residue could yield a biomass availability of 1,500,000-ton dry coffee wood. This considers that approximately 50% of total residues can be removed sustainably to avoid soil degradation [48] . This biomass resource could supply the feedstock requirements of 20,000 gasification-ICE plants of similar operation capacity, having the potential to contribute with 270 MW of power installed capacity through the implementation of distributed generation systems in the rural regions of Colombia. This would have a positive impact from small to large-scale coffee farmers in the country, with direct application in coffee farms or through their deployment in community coffee processing plants. This significant bioenergy potential, yet, requires further research to evaluate how the biomass availability and energy demand balance behaves across the coffee regions in Colombia by conducting a detailed geographical biomass supply-energy demand analysis.
Conclusions
This study investigates the potential and feasibility of gasifying coffee stems to produce electricity and low-grade heat for Fig. 8 Effect of gasifying air temperature on producer gas composition and gasification temperature the coffee farms at suitable operating scales, using the coffee sector in Colombia as a case study. It provides useful insight into the energy potential of locally available coffee residues to deliver bioenergy for the coffee rural sector and also identifies key steps that could contribute to the implementation of these bioenergy systems within coffee farms in Colombia. These insights could be used as a baseline to evaluate the feasibility of deploying this bioenergy applications inother coffeeproducing countries, delivering wider impacts.
The simulation results showed that coffee gasification could generate a producer gas with an LHV of 5.6 MJ Nm −3 , fit to be used as fuel in ICEs for power generation and yielding a cold gas efficiency of 71%. The recovery of the low-grade heat from the gas cooling stages for internal and external heat demand (e.g. coffee air-drying) could improve the whole process performance (η global = 45.6%). This additional heat input could be valuable for the coffee agro-industry, where the fuel for coffee drying represents the highest share in the cost structure of this processing stage.
The analysis of the energy demand and coffee stem availability within the Colombian coffee farms indicates that small-scale gasifier-ICE systems could deliver both, the electricity and heat requirements of large-scale coffee farms or community coffee processing plants. To complement the balance, the extension of large coffee farms or combined biomass supply of small and medium farms using community coffee processing plants could potentially provide a sustained biomass resource to operate the gasification plant. Alternatively, the system could be scaled down to serve the energy demand of smaller coffee farms also, yet at smaller scales, the heat recovery could be less feasible.
Overall, relevant findings emerge from the results of this research which could contribute to feasibible implementations of this coffee residue-based bioenergy systems as follows:
1. Recovering and integrating the low-grade heat recovery is key to increase the (cogeneration) process efficiency; its potential application within the coffee processing chain also enhances the relevance of this bioenergy system for the coffee rural sector. 2. Managing certain biomass and gasifier operating parameters, such as the biomass MC, equivalence ratio and Fig. 9 Effect of gasifying air temperature on gas LHV and CGE gasifying air temperature, over an optimum range for fixed bed gasifiers can enhance the gas LHV. This impacts p os i t i ve l y t h e g as i f i e r p er f o r m a nc e a n d t h e whole system's efficiency. 3. Balancing the biomass supply and the energy demand at coffee farms level is a vital factor to determine the scale of operation and feasibility of using these coffee residues in a small-scale gasification systems for power and heat generation.
Finally, more efficient utilization of this crop residue, such as in this bioenergy system, could lead also into positive environmental and economic impacts if practices as coffee stem burning in rural cookstoves and fossil fuel consumption for coffee drying was to be replaced. Though, for claiming such benefits, a complete environmental and economic assessment at the coffee sector level is crucial to gain a comprehensive understanding of the environmental trade-offs and economic feasibility of implementing these systems. Both, the environmental and economic assessment are part of the ongoing work of this research. 
